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ABSTRACT Members of the caspase family of proteases
transmit the events that lead to apoptosis of animal cells.
Distinct members of the family are involved in both the
initiation and execution phases of cell death, with the initiator
caspases being recruited to multicomponent signaling com-
plexes. Initiation of apoptotic events depends on the ability of
the signaling complexes to generate an active protease. The
mechanism of activation of the caspases that constitute the
different apoptosis-signaling complexes can be explained by
an unusual property of the caspase zymogens to autoprocess
to an active form. This autoprocessing depends on intrinsic
activity that resides in the zymogens of the initiator caspases.
We review evidence for a hypothesis—the induced-proximity
model—that describes how the first proteolytic signal is
produced after adapter-mediated clustering of initiator
caspase zymogens.

Apoptosis is a mechanism that regulates cell number and is
vital throughout the life of all animals. Though several differ-
ent types of biochemical events have been recognized as
important in apoptosis, perhaps the most fundamental is the
participation of members of a family of cysteine-dependent,
Asp-specific proteases known as the caspases (1-3). Caspases
cleave a number of cellular proteins, and the process is one of
limited proteolysis in which a small number of cuts, usually only
one, are made in interdomain regions. Sometimes cleavage
results in activation of the protein, sometimes in inactivation,
but never in degradation, because their substrate specificity
distinguishes the caspases as among the most restricted of
endopeptidases.

Singularly important in this context is that caspase zymogens
are themselves substrates for caspases, such that some are able
to activate others in a hierarchical relationship (Fig. 1). Thus,
pathways exist to transmit signals via sequential caspase acti-
vations, and this event has been most extensively examined in
apoptosis. It is relatively easy to imagine that the caspases
operating at the bottom of the pathway are activated by the
ones above. Until recently, the questions of how the first
caspase in a pathway became activated and how the first death
signal was generated were perplexing issues. Now, several
groups have focused on this issue (4-7) and have arrived at a
consensus to describe the intriguing operation of the initiation
of the proteolytic pathways that execute apoptosis. Though the
basic hypothesis is supported, many issues remain to be
explained, not the least of which is the nature of the mecha-
nism that governs the process. This paper reviews the support
for the hypothesis—the induced-proximity model—and its
current limitations.

Apoptosis Triggered by Death Receptors. One of the most
intensively studied pathways to cell death results from ligation
of transmembrane death receptors belonging to the tumor
necrosis factor-R1 (TNF-R1) family. After engagement by
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specific ligands, these receptors transmit a lethal signal that
results in classic apoptotic cell death (8, 9). Because simple
transfection of death receptors is usually sufficient to sensitize
cells to a death ligand, it follows that the components required
to transduce this signal reside in many cells. Thus TNF-R1
family members serve as a conduit for the transfer of death
signals into the cell’s interior after interaction with their
extracellular cognate ligands. The TNF-R1/TNF pair itself
presents a rather complex pathway with which to dissect
apoptosis initiation, because this receptor/ligand pair can
signal either apoptosis or an antagonistic NF-«kB-mediated
survival pathway, depending on the cellular context. The
TNF-R1 homologue Fas (CD95/Apo-1) has been the para-
digm of choice, because addition of its cognate ligand, FasL,
or even receptor agonist antibodies rapidly signals cell
death (10).

Because agonist Fas antibodies can trigger apoptosis, it was
possible to use them to isolate the components of the death-
inducing signaling complex (DISC) that forms after Fas liga-
tion (4, 11). A combination of yeast two-hybrid and protein-
sequence analysis revealed a seemingly simple DISC, compris-
ing Fas itself, the adapter molecule FADD, and caspase-8 (Fig.
1). This discovery revealed a potential solution to the perplex-
ing problem of how the first proteolytic signal was generated
during apoptosis, because it implicated a caspase directly in the
triggering event. Before this work, receptors were thought to
signal either by altering the phosphorylation status of key
signaling molecules or by functioning as ion channels. Death
receptors, such as Fas, signal by direct recruitment and acti-
vation of a protease (caspase-8). How exactly does the re-
cruited zymogen become active? To understand this process as
a basis for formulating an adequate hypothesis, one must
understand the unusual properties of caspase zymogens that
set them apart from most other proteases. Because, unlike
most other proteases, simple expression of caspase zymogens
in Escherichia coli usually results in their activation (12, 13).
This activation results from processing that is a consequence
of intrinsic proteolytic activity residing in the caspase zymo-
gens. It is not caused by E. coli proteases, as indicated by the
fact that catalytically disabled C285A (caspase-1 numbering
convention) mutants fail to undergo processing.

Self-Processing of Caspase Zymogens. In common with
other protease zymogens (14), with notable exceptions (see
Table 1), generation of an active caspase usually requires
limited proteolysis (Fig. 2). The activating cleavage takes place
within a short segment that, in the zymogen, connects the large
and small subunits of the catalytic domain with both subunits
containing essential components of the catalytic machinery.
The location of cleavage within this segment need not be
precise in vitro (15); nevertheless, the highly conserved Asp-

Abbreviations: TNF, tumor necrosis factor; DISC, death-inducing
signaling complex; DED, death-effector domain.
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Fi1G. 1. The framework of apoptosis. Death may be signaled by
direct ligand-enforced clustering of receptors at the cell surface, which
leads to the activation of the “initiator” caspase-8 (casp-8). This
caspase then directly activates the “executioner” caspases 3 and 7 (and
possibly 6), which are predominantly responsible for the limited
proteolysis that characterizes apoptotic dismantling of the cell. Alter-
natively, irreparable damage to the genome caused by mutagens,
pharmaceuticals that inhibit DNA repair, or ionizing radiation leads
to the activation of another initiator, caspase-9 (28). The latter event
requires the recruitment of pro-caspase-9 to proteins such as Apaf-1,
which requires the proapoptotic factor cytochrome ¢ (cyto C) to be
released from mitochondria (29). Though other modulators probably
regulate the apoptotic pathway in a cell-specific manner (30), this
framework is considered common to most mammalian cells.

297 (caspase-1 numbering convention) directs cleavage spec-
ificity within this segment in vivo. Proteolytic processing that
results in activation usually occurs at this Asp residue, such that
most activated caspases can process their own and other
caspase zymogens, given sufficient time and a high enough
concentration in vitro (16—18). The extent to which this pro-
cessing occurs in vivo, however, is regulated by the residues
surrounding Asp-297. For example, the sequence surrounding
Asp-297 in the downstream executioner caspases 3 and 7 fits
the extended substrate specificity of the initiator caspases 8

Table 1. Zymogenicities of some caspases compared with two
serine proteases

Protease Zymogenicity
Caspase-3 >10,000
Caspase-8 100
Caspase-9 10
Trypsin >10,000
tPA 2-10

Zymogenicity is defined as the ratio of the activity of a processed
protease to the activity of the zymogen on any given substrate (27).
Data for trypsin and tissue plasminogen activator (tPA) are taken from
ref. 27. The interesting range of zymogenicity values displayed by
members of the caspase family is mirrored by members of the
chymotrypsin family, with trypsin and tPA shown for comparison.
Presumably, enzmes such as tPA and caspase-9 have down played the
requirement for proteolysis as a mechanism of substantially increasing
their activities, because allosteric regulators substitute this function:
fibrin for tPA and Apaf-1 for caspase-9. In the case of tPA, specific
side-chain interactions, absent in other members of the chymotrypsin
family, allow activity of the zymogen. However, in the absence of a
molecular structure of the caspase-8 and caspase-9 zymogens, little
evidence is available to explain the high activity of the unprocessed
protein. One clue is suggested by the structure of active caspases 1 and
3, each of which is composed of two catalytic units thought to arise
from the dimerization of monomeric zymogens (reiewed in ref. 3). If
activation of zymogens of the initiator caspases-8, 9, and CED3
operates by clustering, then the clustering phenomenon may be
explained by adapter-driven homodimerization of monomers. How-
ever, as detailed in Future Directions, the molecular mechanisms are far
from clear.

Proc. Natl. Acad. Sci. USA 96 (1999) 10965

and 9 remarkably well (19). With the notable exception of at
least caspase-2 (20), distinctions in substrate specificity within
the caspase family fit closely to the S4-S1 subsite preferences
deduced from synthetic peptidic substrates (19).

The Induced-Proximity Hypothesis. Interestingly, depend-
ing on expression conditions, one can obtain either processed
active caspase or unprocessed zymogen from the same con-
struct, at least for caspases 3, 7, and 9 (15, 21, 22). For example,
short induction times (<30 min) yield unprocessed zymogens,
but longer ones (>3 hours) yield fully processed enzymes.
Significantly, even very short expression times and low inducer
concentrations have failed to yield caspase-8 zymogens in our
studies (G.S. and H. Stennicke, unpublished work). Caspase-8
processes itself extremely rapidly on heterologous expression
in E. coli, suggesting that the zymogen must possess significant
intrinsic proteolytic activity, allowing for autoprocessing.
These observation are the basis for the induced-proximity
hypothesis for the operation of the DISC, the assembly of
which forces a locally high concentration of caspase-8 zymo-
gens in a process mediated by recruited FADD (Fig. 3). This
clustering of zymogens possessing intrinsic enzymatic activity
would allow for processing in trans as well as activation of the
first protease in the cascade.

The hypothesis would need to be tested by asking whether
the zymogen form of caspase-8 possessed reasonable enzy-
matic activity. Because such a test could not be made by
expressing the wild-type precursor, a nonprocessable mutant
was generated by replacing the two Asp cleavage sites within
the large/small subunit linker segment with Ala. These re-
placements enabled the generation of a “frozen” zymogen that
could be obtained in quantity after expression in E. coli.
Significantly, the frozen zymogen retained the same specificity
against caspase inhibitors and synthetic substrates but cleaved
these substrates at 1% of the rate of an equivalent concentra-
tion of fully processed enzyme. The mechanistic origin of this
rate differential is currently unknown, but, significantly, the
zymogenicity of caspase-8, the ratio of its activity as a fully
active enzyme to the activity of its unprocessed zymogen, was
100 (4). The importance of zymogenicity is detailed in Table 1.

Testing the Hypothesis. The in vitro observations on the high
zymogenicity of caspase-8 suggested that a test of the induced
autoprocessing hypothesis was mandated, preferably in vivo.
With this mandate in mind, we generated a caspase-8 construct
in which the DED domains of the zymogen were replaced by
a myristoylation signal, followed by three tandem repeats of a
derivative FK506 binding protein (FKBP). The latter had been
designed by Schreiber and colleagues (23) to act as an artificial
mimic of natural cellular recruitment processes. Artificial
oligomerization of proteins carrying the FKBP domains was
induced by treatment with the cell penetrant FK1012, a
dimeric form of FK506. Ectopic expression of the catalytically
active chimera was tolerated fairly well by two human cell lines,
even in the presence of monomeric FK506. However, on
addition of dimeric FK1012, the cells underwent apoptosis by
a mechanism that depended on the catalytic function of the
chimeric caspase-8, because replacing the catalytic Cys by Ser
failed to elicit the same effect. This technique, later termed the
“artificial death switch” (24), has taken a prominent position
in the exploration of apoptosis initiation.

These data, the in vitro observations on the zymogenicity of
pro-caspase-8, and the artificially induced death of cells har-
boring the chimeric FKBP-caspase-8 are fully consistent with
the induced-proximity model. Indeed, since this original de-
scription, the postmitochondrial initiator caspase-9 (7) and the
Caenorhabditis elegans caspase CED3 (25) have both been
implicated in congruent proximity activation mechanisms. Is
this mechanism a common one for the basis of generating
biochemical death signals? Possibly. However, a caveat must
be added to the caspase-9 issue, because this caspase has a very
low zymogenicity (22); in other words, it is almost as active
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F1G. 2. Caspase activation by proteolysis. Caspases are synthesized as single-chain precursors that await activation within the cell. Activation
usually proceeds in all caspases by cleavage at the conserved Asp-297 (caspase-1 numbering convention). After this activation, an as-yet undescribed
conformational change is thought to occur, bringing the activity and specificity determinants (quarter circles in the linear precursor) into the correct
alignment for catalysis. Frequently an N-terminal peptide is removed; however, the reason for this removal is obscure, because it is apparently not
required for zymogen activation. In the example of caspase-8 shown in the figure, the N-peptide (sometimes called the prodomain) contains
death-effector domains (DEDs) required for recruitment to the cytosolic face of death receptors. The crystal structures of caspases 1 and 3 reveal
a dimer of small and large subunits in the active, processed state, and—it is assumed, though not specifically demonstrated—that this organization
is the case for caspases in solution. The active sites in the putative dimer are shown as open circles.

before as it is after proteolytic processing! Thus, in the case of
caspase-9, an alternative pathway may be used.

If the single-chain zymogens of caspases 8 and 9 are partly
active, why are they not dangerous to healthy cells? They
should cause a slow production of active executioner caspases.
This question is most readily explained by the presence of
endogenous caspase inhibitors, members of the IAP (inhibitor
of apoptosis protein) family (31). Members of this family
inhibit executioner caspases 3 and 7, and we propose that they
present a barrier to caspase activity that must be exceeded
before sufficient execution potential can be achieved. Thus, in
the presence of IAPs, a little caspase activation is acceptable,
because it would be rapidly saturated by the inhibitors. It is
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F1G. 3. Model for the operation of the DISC. Assembly of the
DISC occurs in a hierarchical manner. On ligation of Fas, its “death
domain” (white circle) binds to a homologous domain in the adapter
FADD, which in turn recruits the zymogen of caspase-8 by a ho-
mophilic interaction requiring the homologous DEDs (black circles).
Immediately after recruitment, the zymogen is processed by an
adjacent zymogen, resulting in proteolytic activation and origination of
active caspase-8 as the initiating death signal. Activation is thought to
result from cleavage at Asp-297 (caspase-1 numbering convention).
Presumably, the active form of caspase-8 (designated as a dimer as
seen in the structures of active caspases 1 and 3) releases itself from
the adapter after proteolytic removal of the N-terminal DED, though
it is not clear how the endogenous activated enzyme distributes in the
cell.

only when a sufficient concentration of activated executioner
caspases builds up that apoptosis occurs. In this hypothesis, the
IAPs regulate the apoptotic threshold.

Future Directions. Notwithstanding the attractiveness of the
induced-proximity model, there remain a number of open
questions. For example, although the data support the hypoth-
esis, the molecular mechanisms of the event(s) have not been
explained, and there are a number of issues that need to be
addressed in the near future. These issues are as follows. (i)
Must the processed caspase-8 be released from the DISC to
diffuse toward its downstream substrates? (i) Does activation
require dimerization, a consensus for the catalytic form of
caspases 1 and 3 at least? (iii) Does processing occur in cis
(intramolecular) or in trans (intermolecular)? (iv) Must the
zymogens be specifically aligned within the recruitment com-
plex, and how many zymogen molecules constitute an activa-
tion locus? (v) Is the minimal operative DISC as simple as the
one depicted in Fig. 3, or are other proteins required (26)?
These questions cut to the heart of uncertainties surrounding
the fundamental activation mechanism of all the caspases, and
each is (in principle) answerable by generating specific mutants
and by using the artificial death-switch technique. Perhaps it is
already possible to settle the issue of cis versus trans processing;
in our hands, it is rarely possible to observe activation of
caspase zymogens in the nanomolar range, but on artificial
concentration toward the micromolar range, one observes
processing and activation. This observation would imply a
second-order reaction, which is most easily understood in
terms of trans processing. Indeed, this proposal makes sense,
because it is much easier to regulate zymogen activation in
trans than in cis. The answers to these questions will require the
molecular structure of at least one caspase zymogen (prefer-
ably caspase-8). Their resolution will certainly lead to a better
understanding of the molecular mechanism of the DISC, with
the attendant possibilities of interfering therapeutically to
either initiate or prevent the commitment step in death-
receptor-mediated apoptosis.
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